Nonhomologous end joining is the most common mechanism of DNA double-strand break repair in human cells. Here we show that nonhomologous end joining can occur by two biochemically distinct pathways. One requires a fraction containing the Mre11-Rad50-NBS1 complex. The other requires a fraction containing a novel, ϳ200-kDa factor that does not correspond to any of the previously described double-strand break repair proteins. The two pathways converge, sharing a common requirement for the DNA ligase IV-XRCC4 complex to catalyze the final step of phosphodiester bond formation. Whereas the Mre11-Rad50-NBS1-dependent pathway does not require, and may be inhibited by, DNA-dependent protein kinase-mediated phosphorylation, the new pathway depends on this phosphorylation for release from a DNA-dependent protein kinase-mediated reaction checkpoint. The existence of two distinct pathways, which are differentially regulated by the DNA-dependent protein kinase, provides a possible explanation for the selective repair defects seen in DNA-dependent protein kinase-deficient mutants.
DNA double-strand breaks (DSBs) 1 mediate the cytotoxic effects of ionizing radiation. Two different repair mechanisms protect against these effects (reviewed in Refs. 1 and 2). Homologous recombination, predominant in Saccharomyces cerevisiae and in the G 2 phase of the vertebrate cell cycle, uses a second, intact copy of a DNA as a template for repair of sequences spanning the break. Nonhomologous end joining (NHEJ), predominant under most conditions in vertebrates, relies on direct ligation of DNA ends by a DNA ligase IV-XRCC4 (L4⅐X4) complex. The L4⅐X4 complex requires accessory factors for its activity, including the two subunits of Ku protein (Ku70 and Ku80), which bind tightly to DNA ends to form an initial complex.
In S. cerevisiae, NHEJ also requires the M⅐R⅐X complex, composed of MRE11p, RAD50p, and XRS2p (reviewed in Ref.
3). This multifunctional complex remodels and aligns broken DNA ends. The role of the M⅐R⅐X complex in other organisms is uncertain. The equivalent complex is not essential for NHEJ in Schizosaccharomyces pombe (4) . In vertebrates, the equivalent complex is essential for cell viability in the absence of DNA damage, so its specific role in NHEJ is difficult to assess (5-7). Naturally occurring mutant alleles of two proteins in the complex, Mre11 and NBS1 (functional equivalents of yeast MRE11p and XRS2p, respectively), do not cause specific NHEJ defects, although they are associated with human genetic instability syndromes (8 -10) .
In vertebrates, NHEJ requires several proteins with no apparent orthologs in lower eukaryotes. These include the DNAdependent protein kinase catalytic subunit (DNA-PKcs), which interacts with Ku and DNA to form an active protein kinase complex, and Artemis, which processes DNA hairpin ends. Human NHEJ also requires a new, as yet unidentified gene, which apparently does not correspond to any of the genes identified in yeast (10) . The requirement for additional proteins in vertebrates may reflect the larger genome size, where the increased likelihood of multiple, simultaneous breaks demands a more efficient NHEJ system. In yeast, NHEJ is a secondary mechanism of repair that comes into play only when homologous recombination is disabled.
Understanding the relationship between vertebrate-specific NHEJ proteins, especially DNA-PKcs, and the more primitive NHEJ system in lower eukaryotes is a central challenge in the field. Do all of the proteins cooperate in a single pathway, or are there multiple pathways involving distinct sets of proteins, perhaps targeted at repair of different types of DSBs? It is notable that phenotypes of mutants in vertebrate NHEJ components vary in severity. Targeted disruption of genes encoding murine L4 and X4 causes death in utero (11, 12) . Disruption of genes encoding Ku produces viable mice that exhibit radiation sensitivity, defective V(D)J recombination, progeria, and dwarfism (13, 14) . Disruption of the gene encoding DNA-PKcs produces mice that are normal except for radiation sensitivity and selective repair defects (15, 16) . The graded severity of mutant phenotypes is consistent with the idea of branched NHEJ pathways with some requirements that are distinct and others that are common.
Here we apply biochemical tools to investigate the relationship between proteins required for vertebrate NHEJ. We show that in vitro end joining catalyzed by the L4⅐X4 complex occurs by two biochemically distinct pathways. One is the Mre11-Rad50-NBS1-dependent pathway originally defined in yeast, the other involves a novel factor. The two pathways differ with respect to their requirement for DNA-PKcs-mediated phosphorylation, but converge on a common requirement for the L4⅐X4 complex.
EXPERIMENTAL PROCEDURES
Protein Purification-Recombinant L4⅐X4 complex and Ku heterodimer were prepared as described (17) . Extract from 50 -100 liters of HeLa cell culture was applied to a 40-ml heparin-agarose column (Sigma) pre-equilibrated with 0.1 M KOAc in DB buffer (20 mM Tris-HCl, pH 7.9, 0.5 mM EDTA, 20% glycerol and protease inhibitors) (17) . The column was eluted stepwise with 0.1, 0.2, 0.4, 0.6, 0.8, and 1.0 M KOAc in DB buffer. DNA-PKcs were purified from the 0.6 M fraction, dialyzed, and purified using a 20-ml Q-Sepharose HP column (Amersham Biosciences) eluted stepwise with 0.1, 0.2, 0.3, 0.5, 0.85, and 1.0 M KOAc in DB buffer. The 0.5 M fraction was concentrated and subjected to Superdex 200 gel chromatography (HR 16/60 column, Amersham Biosciences). DNA-PKcs-containing fractions, which elute near the void volume, were pooled and stored at Ϫ80°C. End joining factors were purified from the 0.4 M KOAc heparin-agarose fraction by Q-Sepharose chromatography as above, and the 0.3 M fraction was concentrated and subjected to chromatography as above. Immunoblotting was carried out as described (17) except that membranes were developed using an ECF substrate (Amersham Biosciences). Anti-Artemis was raised in rabbits against an internal peptide. Antibodies to 53 BP1 and HDAC4 were a gift of G. Kao (University of Pennsylvania). Anti-DNA-PKcs (monoclonal antibody 18-2) and anti-Ku (monoclonal antibody 111 and N3H10) were from Neomarkers. Other antibodies were from commercial sources (M⅐R⅐N complex, SMC1, Rad51, WRN, Novus Biologicals; Rad21, Neomarkers; MDC1, a gift from S. J. Elledge, Baylor College of Medicine).
DNA End Joining-Assays were performed using 0.5 ng/l radiolabeled linearized plasmid DNA with product analysis by SDS-agarose gel electrophoresis (17) . Gels were 0.6% agarose unless otherwise indicated.
RESULTS

A Novel L4⅐X4 Stimulatory Activity Obtained from HeLa Cell
Extracts-Extraction of proteins from HeLa cell nuclei and initial column fractionation were as described (17) . Fractions were assayed for the ability to stimulate purified L4⅐X4, which is otherwise inactive with linear duplex substrates. Consistent with previous results, a fraction that eluted from heparinagarose at 0.4 M KOAc strongly stimulated end joining activity ( Fig. 1) . Further chromatography on a Q-Sepharose anion exchange column resolved two activities, one eluting at 0.2-0.3 M and the other at 0.85 M KOAc. Although the 0.2 and 0.3 M fractions displayed some endogenous DNA ligase activity, much higher levels of activity were seen when the reactions were supplemented with exogenous L4⅐X4 complex (compare lanes 5 and 7 with 6 and 8, respectively). The 0.85 M fraction showed almost complete dependence on exogenous L4⅐X4 for activity (compare lanes 11 and 12). The requirement for L4⅐X4 demonstrates that end joining in this assay reflects bona fide NHEJ, as L4⅐X4 is the enzyme that catalyzes NHEJ in vivo. Moreover, the synergistic interaction of the fractions with exogenous L4⅐X4 indicates that the fractions contain primarily a stimulatory activity, rather than a DNA ligase per se.
Previous work has shown that the ligase stimulatory activity of the 0.85 M fraction is attributable, in part, to the presence of the Mre11-Rad50-NBS1 (M⅐R⅐N) complex (17) . Immunoblotting confirmed the presence of the M⅐R⅐N complex in the 0.5 and 0.85 M KOAc fractions. However, this complex, as well as its individual components, were absent from the 0.2 and 0.3 M fractions (Fig. 1D) . Stimulatory activity of the 0.2 and 0.3 M fractions must therefore be attributable to a different factor or factors.
Immunoblotting was performed to detect other known DSB repair proteins in the Q-Sepharose fractions. We probed with antibodies to the Werner syndrome gene product (WRN), which interacts with Ku in vitro (18, 19) , Artemis, which is required for NHEJ of hairpin-ended DNAs (20) , and 53BP1, HDAC4, and MDC1-NFBD1, which localize to DSB sites in vivo (21) (22) (23) (24) (25) (26) . We also probed with antibodies to the SMC1 and Rad21 subunits of cohesin, a protein implicated in DSB repair (27) , and to Rad51, a protein required for homologous recombination (28) . Except for traces of Rad51 in the 0.3 M fraction, none of these proteins was detectable in the 0.2 M-0.3 M region of the QSepharose column profile. All of these proteins were detectable in unfractionated nuclear extract (Fig. 1D) . Results suggest that activity of the 0.2-0.3 M fractions is not attributable to known NHEJ proteins.
Differential Regulation by DNA-PKcs Phosphorylation-One of the goals of our study was to investigate the regulation of end joining by DNA-PKcs. DNA-PKcs phosphorylation dependence is a distinguishing feature that differentiates vertebrate NHEJ from the simpler process in S. cerevisiae and other model organisms. End joining was performed with various fractions in the presence and absence of a DNA-PKcs inhibitor, LY294002. End joining with the heparin-agarose 0.4 M KOAc fraction was partially inhibited by LY294002 (Fig. 2, lanes 12 and 13) . The activities that eluted in different regions of the Q-Sepharose profile, however, are oppositely regulated by LY294002. With only minimal levels of endogenous DNA-PKcs present, LY294002 partially inhibited activity of the 0.3 M fraction (lanes 4 and 5), and actually stimulated activity of the 0.85 M fraction (lanes 8 and 9) . With addition of exogenous DNA-PKcs, inhibition of the 0.3 M fraction was more pronounced (lanes 6 and 7), whereas the effect on the 0.85 M fraction was unchanged (lanes 10 and 11) . Results indicate that the new pathway, defined by the 0.2-0.3 M fractions, is significantly dependent on phosphorylation. In contrast, the M⅐R⅐N-dependent activity is not phosphorylation-dependent, consistent with previous results (17) . The ability of LY294002 to stimulate activity in the presence of the 0.85 M fraction, which was somewhat variable between experiments, could reflect suppression of a competing, phosphorylation-dependent pathway.
Further Purification of the Novel Activity-Because the 0.3 M fraction was contaminated with traces of DNA-PKcs and may have contained other interfering proteins, it was further purified by size exclusion chromatography. A peak of stimulatory activity eluted at a position corresponding to ϳ200 kDa (Fig. 3) , well separated from the void volume. The products in this experiment were primarily dimer and trimer products, although in other preparations, where the factor was more concentrated, higher order multimers were also present (see Fig. 5 ). 4 -11) , 0.4 M KOAc heparin-agarose fraction (lanes 12 and 13) , and nuclear extract (lanes 14 and 15) . Reactions contained recombinant Ku (25 ng), L4⅐X4 complex (100 ng), and purified DNA-PKcs (21 ng) as indicated. LY294002, when present, was at a concentration of 250 M. NE, nuclear extract. The position of elution of activity on the gel filtration column effectively eliminates the possibility of cross-contamination with M⅐R⅐N or DNA-PKcs at levels below the threshold detectable by immunoblotting, as both proteins elute at or near the void volume under the conditions used (17, 29) . Results also rule out the involvement of other large complexes, such as BASC, a supercomplex of BRCA1-associated proteins involved in DNA repair (30) . We were thus able to evaluate the requirement for the physical presence of DNA-PKcs separately from the requirement for DNA-PKcs-mediated phosphorylation.
DNA-PKcs Establishes a Reaction Checkpoint-The novel end joining factor was seen in the absence of DNA-PKcs and this activity was unaffected by LY294002 (Fig. 4A, lanes 6 and  7) . DNA-PKcs was separately purified from HeLa cell extracts (Fig. 1A) and added to the reconstituted reactions. There was a small decline in basal activity, and reactions became strongly sensitive to LY294002 inhibition (lanes 9 -12) . Thus, physical presence of DNA-PKcs is not required for end joining, but when present, DNA-PKcs restricts the reaction, such that phosphorylation is required for further progression. We term this restriction a "reaction checkpoint" because it represents a point in the reaction pathway where traffic can potentially be halted or diverted (see "Discussion"). This experiment also shows that end joining activity with the more purified fraction is completely dependent on Ku and L4⅐X4 (lanes 3 and 4) , thus eliminating any potential concerns about co-purification of endogenous ligases with the stimulatory fraction. A similar end joining experiment performed in the absence and presence of wortmannin, a different DNA-PKcs inhibitor, confirmed that phosphorylation activity is partially required whenever DNAPKcs is physically present in the reaction (Fig. 4B) .
Mechanism of Action of the Novel Stimulatory Factor-Previous work has shown that human Rad50-Mre11 directly tethers DNA ends to each other in vitro (31) . This tethering provides a potential mechanism for the stimulatory effect of the M⅐R⅐N complex on L4⅐X4-catalyzed DNA ligation. It was of interest to determine whether the novel 200-kDa repair factor shared a similar mechanism of action. If the factor interacted directly with DNA, one prediction is that it might stimulate the activity of other ligases, in addition to L4⅐X4. Fig. 5 compares the effect of the 200-kDa repair factor on end joining catalyzed by L4⅐X4 versus a homologous ATP-dependent DNA ligase encoded by bacteriophage T4. Consistent with previous experiments, the factor stimulated L4⅐X4 activity more than 10-fold (compare lanes 1 and 2) . The effect of the factor on T4 ligase activity was more modest (a 2-4-fold stimulation). However, there was a striking redistribution of the products in the T4 ligase reaction. In the absence of the factor, T4 ligase produced a preponderance of circular intramolecular ligation products, as expected at the low concentration of substrate DNA used in the reaction. In the presence of the factor, T4 ligase produced a ladder of concatenated product more typical of the eukaryotic end joining reaction. Thus, the mechanism of action of the factor appears to involve, in part, direct interaction with DNA, in addition to or instead of specific interaction with L4⅐X4. The effect of this interaction with DNA is to favor intermolecular over intramolecular ligation. DISCUSSION We show that human NHEJ can occur by two biochemically distinct pathways that differ in their factor requirements and in their regulation by DNA-PKcs-mediated phosphorylation, but converge on a common requirement for L4⅐X4 to catalyze the final step of phosphodiester bond formation. Results indicate the existence of a novel factor that does not correspond to previously defined NHEJ proteins. The current study also provides what is, to our knowledge, the first demonstration of DNA-PKcs phosphorylation-dependent end joining in a system reconstituted from individual protein components. Surprisingly, we found that phosphorylation was required if and only if DNA-PKcs was physically present in the reaction. DNA-PKcs appears to arrest the reaction until phosphorylation occurs, establishing what may be termed a reaction checkpoint. The checkpoint is released upon receipt of some internally generated signal. Perhaps this signal is generated by the synapsis of opposing DNA ends, which triggers activation of DNAPKcs in vitro (32) . Activation of DNA-PKcs could release the complex from its arrested state through phosphorylation of DNA-PKcs itself, XRCC4, or other targets within the repair complex (33, 34) .
A more subtle issue is why a phosphorylation-dependent checkpoint should occur at all in the NHEJ pathway. The existence of a checkpoint implies the possibility of alternate fates. It may be that a delay in phosphorylation, or phosphorylation of different targets within the repair complex, can divert the complex to a different DSB repair pathway. In this respect, it has been shown that the structure of DNA ends can influence the protein substrate specificity of DNA-PKcs (35) . It will be of interest to learn if ends that require processing before joining influence DNA-PKcs substrate specificity in such a way as to activate accessory factors required for that processing (such as Artemis, required for hairpin ends) or to divert repair to the M⅐R⅐N-dependent or homologous recombination pathways.
The novel 200-kDa repair factor produces a striking change in its ability to alter the distribution of intermolecular versus intramolecular products as seen with T4 ligase. In general, the rate of formation of intermolecular ligation products is directly proportional to molar DNA end concentration. In contrast, the rate of formation of intramolecular products is determined by polymer chain statistics, and in the range of interest declines with increasing DNA length (36) . It may be that the factor accelerates intermolecular DNA end joining by increasing the effective DNA end concentration. This could occur if the factor tethered DNA ends to each other, like the Mre11-Rad50 complex. An alternate possibility is that the factor alters the ratio of different products by inhibiting the intramolecular reaction. This could occur if binding of the factor stiffens the DNA chain, altering its conformation, and causing it to behave as if its length were greater.
The active polypeptides in the novel 200-kDa fraction have yet to be identified. Because the factor is not yet pure, we cannot rule out the possibility that more than one component contributes to its activity. In particular, we cannot be certain that the component responsible for redistribution of T4 ligase products is the only factor required for stimulation of L4⅐X4 activity. Although the identification of these active component(s) will be required to demonstrate relevance of the factor to DSB repair in vivo, the ability of the factor to stimulate L4⅐X4, the dependence on Ku, and the regulation by DNA-PKcs all argue that the factor is likely to be physiologically relevant.
One significant difference between the in vivo and in vitro results remains, however. In vivo, DNA-PKcs not only regulates end joining but also increases its efficiency. Physical absence of DNA-PKcs, as seen in null mutants, leads to a deficiency in DSB repair. Specifically, such mutants are impaired in the ability to rejoin radiation-induced DSBs and to form V(D)J coding joints, although they remain competent to form V(D)J signal joints and to repair etoposide-induced DSBs (13, 37) . In contrast, physical absence of DNA-PKcs in the simplified in vitro system did not affect overall end joining efficiency. It may be that DNA-PKcs increases efficiency in vivo by recruiting processing enzymes required to join certain types of breaks, or by antagonizing negative regulators that are absent from the purified system. Because cohesive 5Ј-phosphoryl ends, used here, require no processing, and potential negative regulators have been removed by chromatographic fractionation, these functions might become dispensable in vitro. Data presented here may explain the phenotype of DNA-PKcsdeficient mice. Coding joint formation may require DNA-PK kinase activity to process the hairpin coding ends (probably with Artemis), whereas signal joint formation involves simple blunt-end ligation, for which DNA-PKcs may be dispensable.
